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Abstract 
The CCT and two DCCT diagrams were constructed for the HSLA steel containing Cr, V, Nb and N 
microadditions, taking into account industrial processing parameters of this material in a seamless tubes 
rolling mill. The typical finish hot rolling temperature of 1173 K was used for the construction of the 
standard CCT diagram and the effect of previous austenite deformation at this temperature was evaluated 
in the DCCT diagram. Another DCCT diagram was developed after heating at 1553 K, followed by 
plastic deformation at 1173 K. The prior austenite grain size in the hot rolled material after heating at 
1173 K was approx. 10 m, heating of the as-cast material at 1553 K resulted in the prior austenite grain 
size over 200 m. The effect of previous austenite deformation after low-temperature heating on the CCT 
diagram was negligible. The high-temperature heating showed a great influence on the austenite 
decomposition processes. The Ferrite-start temperature was significantly reduced at high cooling rates 
and the preferred decomposition of coarse grained austenite to acicular ferrite suppressed the bainite 
transformation at medium cooling rates. The developed DCCT diagrams can be used for the prediction 
of austenite decomposition products during cooling of the seamless tubes from the finish rolling 
temperature. The CCT diagram can be utilized for the quality heat treatment of tubes.  
 
Key words: HSLA steel; seamless tubes rolling; dilatometry; deformation CCT diagram; austenite 
decomposition processes. 
 
1. INTRODUCTION 
The key role in optimization of the structure and mechanical properties of hot rolled metallic materials 
is played not only by the history of forming (i.e. various controlled rolling procedures, etc.) but also by 
the parameters of final cooling [1-3]. The final cooling rate makes it possible to control the austenite 
softening processes, phase transformations during decomposition of austenite and grain growth. The 
published results [4-12], and our experiences gained in the laboratory conditions using the hot 
deformation simulator Gleeble 3800 [13-14] as well as the semi-continuous hot rolling mill [15-16] prove 
the crucial role of the cooling parameters after hot forming. This can be deduced from the continuous 
cooling transformation diagrams, especially when considering the previous deformation history. 
Recently, thanks to two dilatometer systems available on the Gleeble simulator, the researchers of the 
VŠB-TUO have created continuous cooling transformation diagrams for a number of chemically very 
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different steel grades in the traditional version (CCT) as well as after the previous deformation of 
austenite (DCCT) – see [17, 18] for example. The effect of austenite deformation is very complex and 
manifests itself differently, e.g. by refining the prior austenite grains due to static recrystallization or by 
the modification of the austenite decomposition kinetics as a result of deformation strengthening.  
Deformation of austenite accelerates its decomposition to ferrite and pearlite (diffusion-controlled 
transformations) [5, 19, 20]. The energy accumulated by plastic deformation below the recrystallization 
stop temperatures represents the significant driving force for allotriomorphic ferrite nucleation. 
According to Khlestov et al. 21, deformation accelerates the start of diffusion-controlled 
transformations and this effect grows with increasing deformation. The interval between Ar1 and Ar3 
temperatures is narrowed up to the true strain of 0.4. This results in a significant acceleration of pearlitic 
transformation 22. Deformation increases density of lattice defects in austenite. It enhances diffusion 
processes in the solid solution and increases the nucleation rate of the products of diffusional 
decomposition of austenite. The nucleation rate is high, however the mobility of phase interfaces is 
severely decelerated by a high density of dislocations in austenite and that is why the final fraction of 
ferrite decreases. In the case of very large plastic deformation, the high nucleation rate compensates the 
slow growth of nuclei and the resulting ferrite fraction is approximately the same as in the case of 
austenite not affected by plastic deformation; however, the ferrite grains are much finer 17, 23-28.    
   The effect of austenite plastic deformation on the bainitic transformation kinetics depends strongly 
on the deformation value and especially on the chemical composition of the steel. Bainitic transformation 
is accompanied by two contradictory phenomena in deformed austenite. The nucleation rate of nuclei is 
high and the bainitic ferrite starts to develop in the form of narrow laths decorated by carbides. At the 
same time the lath growth is limited which results in a repeated nucleation of bainitic ferrite laths. 
Furthermore, the growth rate of nuclei may be affected by the deformation induced precipitation of MX 
particles in austenite, which act as obstacles for the movement of phase interfaces. If the deformation 
takes place during the austenite→bainite transformation, the kinetics of decomposition is significantly 
accelerated [22, 29-34]. Results of Yi et al. 34 investigations on the kinetics of bainite transformation 
in a micro-alloyed steel show that the bainite start temperature BS rise is affected by the both heating 
temperature and the amount of plastic deformation in the area of stable austenite, especially in the case 
of deformation at lower temperatures (1223 K). At the increased deformation temperature (1273 K), the 
effect of plastic deformation on the BS rise is practically negligible. This can be attributed to a sufficient 
pause between the deformation and the decomposition of austenite during which the deformed austenite 
can be significantly restored and thus the effect of the prior deformation can be suppressed.  
Deformation of austenite usually results in a rise of the martensite start temperature MS 5, 22, 29, 35. 
The MS temperature increases with the plastic deformation value up to the limit temperature reported as 
Md. Deformation induced precipitation of MX particles in austenite can have the similar effect on the 
MS temperature. This is the result of a reduction of the carbon content in austenite.  
Furthermore, microstructure characteristics at the beginning of cooling (from the finish rolling 
temperature, or from the austenitization temperature at the dilatometer test) are very important. First of 
all the prior austenite grain size may significantly affect the austenite decomposition processes 29, 36. 
The kinetics of diffusion-controlled transformations strongly depends on the prior austenite grain size 
since decomposition of austenite starts at grain boundaries. The total area of grain boundaries per unit 
volume of austenite increases as the grain size decreases. Fine austenite grains provide more potential 
sites for nucleation of ferrite which results in acceleration of transformation 5. Farrar et al. 37 
investigations support the above described theory. The reduction of the prior austenite grain size (32 m, 
93 m and 208 m) initiated the ferrite transformation of the low carbon Mn–Ni steel at higher 
temperatures. Coarse austenite grains suppress the formation of allotriomorphic (polygonal) ferrite and 
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at same time support the formation of Widmanstätten ferrite and acicular ferrite. The control of the prior 
austenite grain size before the austenite decomposition represents a critical factor from the point of view 
of the resulting microstructure and mechanical properties of hot formed steels.  
Similarly, the prior austenite grain size plays a very important role in the kinetics of austenite 
→pearlite transformation. The pearlite transformation starts with the formation of either ferrite or 
cementite nuclei at the austenite grain boundaries. The nucleation rate of pearlite is accelerated as the 
prior austenite grain size decreases 5, 38. According to Nürnberger et al. 5 the dependence between 
the time for the ferrite transformation start as well as the time for the start and finish of pearlite 
transformation and the ASTM austenite grain size is almost linear in the semi-log plot. Furthermore, 
slope of lines for the Ferrite-start (Fs), Pearlite-start (Ps) and Pearlite-finish (Pf) temperatures in this plot 
is approximately the same.  
Some studies did not prove any significant effect of the prior austenite grain size on the bainite 
transformation. However, in some steels a drop in the austenitization temperature resulted in a reduction 
of the bainite transformation rate 39-41. The coarsening of prior austenite grains leads to rise in the 
Martensite-start (Ms) temperature 39, 42. A similar effect of the prior austenite grain size is also 
assumed for the temperature of the end of martensitic transformation Mf. The prior austenite grain size 
also affects the morphology of martensite. The length of martensitic laths increases with the prior 
austenite grain size 42, 43. 
Transformation diagrams are mostly constructed after heating of the material directly on a relatively 
low austenitization temperature. This is justified in the technological practice when relatively fine-
grained microstructure enters into the final cooling phase. However, it is the subject of interest how is 
the kinetics of austenite decomposition affected in the case of austenitization at a high temperature, 
followed by rolling with a relatively small total strain at a relatively high finish rolling temperature. A 
typical example of such technology may be the traditional production of thick-walled seamless tubes by 
the Mannesmann process combining the piercing of the billet or bloom by diagonal rolling with the 
subsequent elongating of the hollow semi-finished product on the Pilgrim tube-rolling mill [44]. 
Therefore, the main objective of this paper is the construction of three continuous cooling transformation 
diagrams for an HSLA steel intended for the seamless tubes production. The aim is to identify the 
combined effect of the initial microstructure and previous austenite deformation on the temperatures and 
kinetics of austenite decomposition processes in the wide range of cooling rates. 
 
2. EXPERIMENTAL  
Experimental material was supplied in the form of continuously cast round bloom with the diameter 
of 400 mm. Chemical composition of the tested HSLA steel was as follows: 0.16 C – 1.05 Mn – 0.20 Si 
– 0.19 Cr – 0.031 Nb – 0.046 V – 0.0093 N (in weight %) Two sets of specimens were taken from this 
bloom [45]. Dilatometer specimens with a coarse-grained structure were made intentionally from the part 
of columnar crystals – see Fig. 1. The reason was the effort to simulate the specific technological 
parameters of the seamless tubes rolling. The adoption of a structure formed by columnar crystals is very 
close to the operating conditions and makes a contribution to the applied research in TŘINECKÉ 
ŽELEZÁRNY plant. Prior austenite grain boundaries were revealed by etching at a room temperature 
using a saturated aqueous picric acid solution with a wetting agent. The as-quenched specimens had to 
be annealed at the temperature of 693 K for 2 hours in advance. Conventional metallographic 
examination by light microscopy was used for the microstructure analysis of all specimens. The grain 
size calculation was based on the intercept lengths measurement with the software QuickPHOTO 
INDUSTRIAL 3.2 (PROMICRA s.r.o.).  
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a) columnar crystals, polished state b) coarse grained microstructure formed by a 
mixture of ferrite and pearlite 
Fig. 1 Microstructure of the bloom in the area of columnar crystals 
 
Prisms with the cross-section of 70 x 70 mm were cut out from the middle part of bloom with equiaxed 
crystals. These prisms were hot rolled on the reversing stand (more specifically on the plane part of the 
rolls with the diameter of 350 mm) from the height of 70 mm to plate with the thickness of 8.5 mm. The 
prism was preheated in an electric resistance furnace to the temperature of 1523 K and then it was flat 
rolled in 10 passes to the thickness of 25 mm. After reheating to 1523 K again, rolling was completed in 
6 passes with the final rolling temperature of approx. 1213 K. This was followed by normalizing 
annealing at the temperature of 1173 K resulting in a very fine microstructure (see Fig. 2) – mean size 
of ferritic grain was approx. 8 µm.  
 
Fig. 2 Fine-grained ferrite and pearlite microstructure after hot rolling and normalizing annealing  
 
Longitudinal axes of the cylindrical dilatometer specimens were oriented parallel to the casting direction 
(for the continuously cast bloom) or to the flat rolling direction (in the case of the laboratory rolled 
plates). Cylindrical specimens of Ø 6 x 86 mm made from the fine-grained material were used for 
dilatometer test after austenitization at 1173 K / 180 s. The identical specimens made from the coarse-
grained material were used for the testing after heating at 1553 K / 300 s. This high-temperature heating 
corresponds to the technology of piercing of bloom at the seamless tube rolling mill and it leads to 
dissolving of carbides and nitrides of micro-alloying elements [42]. By etching the prior austenitic grains 
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boundaries in the heated and quenched specimens it was possible, at least for orientation, to identify their 
parameters – mean size over 200 µm after high-temperature heating, or 10 µm after low temperature 
heating (see Fig. 3).  
 
  
a) 1553 K b) 1173 K 
Fig. 3 Effect of the heating temperature on the prior austenite grain size 
 
The dilatometer tests associated with the DCCT diagrams could be performed with the cooling rate of 
0.15 – 80 K·s-1. Higher rates (up to 180 K·s-1) were achieved in the case of tests without deformation 
using specimens with hollow head and reduced central part with size of Ø 5 x 5 mm.  
The Model 39018 CCT Dilatometer was used on the Gleeble 3800 system (Dynamic Systems Inc.) for the 
measuring of all phase transformation temperatures. It is an LVDT based dilatometer system with quartz 
contact tips. This system is rated for the continuous operation in the temperature range of 284 K – 1573 K 
which can be for a limited operation time extended up to 1673 K. The dilatometer has the resolution of ± 0.4 
µm and linearity of ± 0.25 % in the full scale of ± 2.5 mm. An applied strain rate is limited to the value of 40 
s-1. The Model 39112 Scanning Non-Contact Optical Dilatometer System (Dynamic Systems Inc.) with 
repeatability of ± 0.3 µm was used only marginally for some comparative tests because it can work only at 
the maximum temperature of 1473 K. Location of the transformation temperatures was detected by the 
dilatation curves analysis in two steps. First, points of deviation from the linear shape were determined semi-
automatically in the CCT software (Dynamic Systems Inc.). Subsequently, the results were verified and 
specified by the analysis of the first derivative of raw curves. The Origin software (OriginLab Corp.) was 
utilized to gently smooth some noisy data and differentiate the curves (using the Savitzky-Golay smoothing).   
Based on the dilatometer tests in combination with metallographic analyses and HV 30 hardness 
measuring, the CCT (1173 K) and also DCCT (1173 K) diagrams were created after the low-temperature 
austenitization, and after the high-temperature heating only DCCT (1553 K) diagram was developed. 
True (logarithmic) compression strain with the value of 0.35 was performed by uniaxial compression 
with the strain rate of 1 s-1. The scheme of the dilatometer experiment with the high-temperature heating 
is shown in Fig. 4. Of course, for the transformation diagram creation it was necessary to deduct to time 
periods before the proper cooling from 1173 K, otherwise the individual diagrams would not be 
comparable. 
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Fig. 4 Scheme of the dilatometer tests after heating at 1553 K  
 
Microstructure of specimens subjected to dilatometer tests was revealed by etching in Nital (2% HNO3 
in alcohol). Quantitative evaluation of austenite decomposition products in the individual specimens was 
carried out by the point counting method. Ten light microscopy micrographs at the same magnification 
(500x) were analyzed for each specimen. The following phases and microstructure constituents were 
distinguished: F = polygonal (allotriomorphic) ferrite, AF = acicular ferrite, P = pearlite, GB = granular 
bainite, B = bainite and M = martensite. Light microscopy does not allow reliable distinction between 
martensite and bainite. Both constituents were quantitatively evaluated together (martensite + bainite). 
Granular bainite consists of bainitic ferrite and islands of the M/A constituent. In specimens containing 
coarse M/A blocks, this constituent was evaluated separately.  
 
3. RESULTS  
3.1. Microstructure evaluation after dilatometer tests 
Metallographic investigations revealed that only after the slowest cooling rates microstructure 
consisted of a mixture of polygonal ferrite and pearlite. In specimens manufactured from the hot rolled 
plate pearlite colonies were arranged in bands parallel to the hot rolling direction – see Fig. 5. In 
specimens after heating at 1553 K two morphologies of ferrite were observed after cooling at the rates 
over 0.5 Ks-1. Figure 6 shows a mixture of polygonal ferrite, acicular ferrite and pearlite in the specimen 
cooled at the constant rate of 0.7 Ks-1. The coarse prior austenite grain size preferred decomposition of 
austenite to acicular ferrite at the expense of bainitic transformation. At medium cooling rates granular 
bainite containing the M/A constituent was present in the final microstructure. In specimens heated at 
1173 K the M/A constituent formed relatively coarse islands. On the other hand, in specimens heated at 
1553 K granular bainite usually consisted of narrow laths of ferritic bainite mixed with fine islands of 
the M/A constituent. Intensive cooling from the heating temperature resulted in the formation of a 
mixture of bainite and martensite – see Figs. 7 and 8. The increase of hardness with the cooling rate rise 
proved that the fraction of martensite in the microstructure increased with the cooling rate. Nevertheless, 
even in specimens cooled with the fastest rates traces of allotriomorphic (polygonal) ferrite were present.  
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Fig. 5 Banded ferrite and pearlite microstructure; 
CCT diagram – heating at 1173 K, cooling rate of 
0.15 K·s-1 
Fig. 6 Microstructure formed by a mixture of equiaxed 
ferrite, pearlite and acicular ferrite; DCCT diagram – 
heating at 1553 K, cooling rate of 0.7 K·s-1 
 
 
  
Fig. 7 Microstructure formed by a mixture of 
martensite and bainite, the M/A component and a 
small fraction of polygonal ferrite; CCT diagram 
– heating at 1173 K, cooling rate of 180 K·s-1 
Fig. 8 Microstructure consisting of a mixture of 
martensite and bainite, the M/A component and 
polygonal ferrite; DCCT diagram – heating at 
1173 K, cooling rate of 80 K·s-1 
 
The comparative Fig. 9 demonstrates the microstructure evolution for all three transformation 
diagrams at the cooling rates of 4 Ks-1 and 35 Ks-1. Micrograph in Fig. 9a shows a mixture of ferrite, 
pearlite and islands of the M/A constituent in the specimen heated at 1173 K. Austenite deformation at 
1173 K resulted in a higher fraction of the M/A constituent (granular bainite) in the microstructure (Fig. 
9b). After heating at 1553 K, followed by plastic deformation at 1173 K and subsequent cooling at the 
rate of 4 Ks-1, austenite preferably decomposed to a mixture of ferrite, pearlite and granular bainite at 
the expense of allotriomorphic ferrite (Fig. 9c). Cooling of dilatometer specimens with the same thermal 
and deformation history as in Figs. 9a – c at the constant rate of 35 Ks-1 preferred the austenite 
decomposition to a mixture of bainite and martensite at the expense of diffusional transformation 
products (ferrite, pearlite – Figs. 9d – f).     
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a) CCT (heating at 1173 K, cooling 4 K·s-1) d) CCT (heating at 1173 K, cooling 35 K·s-1) 
  
b) DCCT (heating at 1173 K, cooling 4 K·s-1) e) DCCT (heating at 1173 K, cooling 35 K·s-1) 
  
c) DCCT (heating at 1553K, cooling 4 K·s-1) f) DCCT (heating at 1553K, cooling 35 K·s-1) 
Fig. 9 Comparison of typical microstructure of the dilatometer specimens 
 
3.2. Quantitative metallography and hardness evaluation 
The summary of the mean values of hardness HV 30 and qualitative identification of the phases and 
microstructure constituents in individual specimens used for the construction of continuous cooling 
transformation diagrams is shown in Tabs. 1-3. As expected, diffusion-controlled transformation 
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products of austenite decomposition in specimens cooled at the very low cooling rates are associated 
with the lowest hardness level. The formation of acicular ferrite in specimens heated at 1553 K resulted 
in the higher hardness values in comparison with the specimens heated at 1173 K and cooled at the same 
cooling rates. The increasing fractions of granular bainite (the M/A constituent), bainite and martensite 
in the final microstructure are associated with a gradual increase in hardness values.  
 
Tab. 1 The effect of cooling rate on hardness and fractions of austenite decomposition products – CCT 
diagram, heating at 1173 K 
Cooling rate Hardness Microstructure F P + M/A M + B + M/A 
(K·s-1) HV 30  (%) (%) (%) 
0.15 147 F + P 78 22 - 
1 162 F + P + M/A 76 24 - 
4 168 F + P + M/A 74 26 - 
12 200 F + P + M/A 61 39 - 
35 264 F + M + B + M/A 42 - 58 
80 300 F + M + B + M/A 28 - 73 
180 437 F + M + B 5 - 95 
 
 
Tab. 2 The effect of cooling rate on hardness and fractions of austenite decomposition products – 
DCCT diagram, heating at 1173 K 
Cooling rate Hardness Microstructure F P + M/A M + B + M/A 
(K·s-1) HV 30  (%) (%) (%) 
0.15 147 F + P 79 21 - 
0.5 151 F + P  77 23 - 
4 174 F + P 68 32 - 
12 221 F + P + M/A 54 46 - 
35 238 F + M + B + M/A 45 - 55 
80 266 F + M + B + M/A 32 - 68 
 
 
Tab. 3 The effect of cooling rate on hardness and fractions of austenite decomposition products – 
DCCT diagram, heating at 1553 K 
Cooling rate Hardness Microstructure F P + M/A M + B + M/A 
(K·s-1) HV 30  (%) (%) (%) 
0.3 147 F + P 68 32 - 
0.5 162 F + AF + P 65 35 - 
0.7 168 F + AF + P 62 38 - 
1 200 F + AF + P 60 40 - 
4 264 F + AF + GB 52 48 - 
12 300 F + AF + GB 40 60 - 
20 437 F+ AF + M + B  20 - 80 
35 389 F + M + B 5 - 95 
60 413 F + M + B 1 - 99 
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The dependences of quantitative metallography results and hardness values HV 30 on the cooling rate 
are for individual continuous cooling transformation diagrams graphically represented in Figs. 10 a-c. It 
is evident that the most pronounced increase in hardness is associated with the formation of bainite and 
martensite. The kinetics of the formation of these microstructure constituents in the CCT (1173 K) and 
DCCT (1173 K) diagrams was slower than that in the DCCT (1553 K) diagram. 
 
  
a) CCT diagram – heating at 1173 K b) DCCT diagram – heating at 1173 K 
 
c) DCCT diagram – heating at 1553 K 
Fig. 10 Dependence of hardness HV 30 and fractions of austenite decomposition products on the 
cooling rate 
 
Local microstructure inhomogenities observed especially in the specimens cooled at low cooling rates 
can be a consequence of either heterogeneity in the prior austenite grain size or the chemical 
heterogeneity of austenite. Micrographs in Fig. 11 show the local occurrence of the M/A component 
(granular bainite) in the matrix formed by a mixture of ferrite and pearlite. Results of microhardness 
evaluation prove significantly higher hardness of granular bainite as compared to ferrite. Prior austenite 
grains after heating at the temperature of 1173 K were fine and homogeneous. Grain size distribution 
was not analyzed but the mean grain diameter, as determined from 200 measured values, was 9.9 µm 
with the standard deviation of 2.8 µm only (data in the interval from 4 to 18 µm). Granular bainite in Fig. 
11b is not a consequence of the local presence of the coarse prior austenite grain. It is a result of an 
interdendritic microsegregation which could not be completely eliminated by the laboratory hot rolling 
and heat treatment. These areas are enriched by carbon, manganese and silicon. Both carbon and 
manganese have a significant effect on hardenability of steels. 
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a) ferrite and pearlite microstructure; the average 
microhardness of ferrite: HV 0.05 = 153 
b) an island of granular bainite containing M/A 
islands; the average microhardness of bainite: 
HV 0.05 = 341 
Fig. 11 Local microstructure and microhardness heterogeneity after cooling at the rate of 1 K·s-1 – CCT 
diagram, heating at 1173 K 
 
It is evident from Fig. 12 that microhardness of a mixture of acicular ferrite and pearlite is higher 
about approx. 30 % in comparison to the allotriomorphic ferrite. Acicular ferrite is formed by the 
displacive mechanism and that is why it is oversaturated by carbon. It is harder than allotriomorphic 
ferrite 46, 47.  
 
  
a) polygonal ferrite, HV 0.05 = 201 b) acicular ferrite and pearlite, HV 0.05 = 267 
Fig. 12 Microhardness of allotriomorphic ferrite and acicular ferrite + pearlite; DCCT diagram – heating 
at 1553 K, cooling rate of 0.7 K·s-1 
 
Graph in Fig. 13 shows that microhardness of the dilatometer specimens for individual cooling rates 
is highest for the DCCT diagram after austenitization at 1553 K. It indicates the importance of dissolution 
of MX carbonitrides at this high temperature and subsequent re-precipitation of fine MX precipitates 
during plastic deformation at 1173 K. 
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Fig. 13 Effect of cooling rates and previous processing conditions on the hardness HV 30 of 
dilatometer specimens 
 
3.3. Transformation diagrams 
Graphs in Figs. 14 – 16 demonstrate the continuous cooling transformation diagrams constructed 
using the data obtained by the dilatation curves analysis, metallography investigations and hardness 
evaluation. Symbols in these diagrams mean: Fs = Ferrite-start, Ps = Pearlite-start, Pf = Pearlite-finish, 
Bs = Bainite-start or Granular_bainite-start, Ms = Martensite-start. The positions of Ms curves under the 
Bs curves is typical for granular bainite. As shown in Fig. 17, the effect of austenite deformation at 1173 
K on the kinetics of austenite decomposition is not significant. The effect of austenite plastic deformation 
at the relatively high temperature does not have a significant effect on the kinetics of austenite 
decomposition due to the austenite softening processes before phase transformations.  
 
  
Fig. 14 CCT diagram, heating at 1173 K Fig. 15 DCCT diagram, heating at 1173 K 
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Fig. 16 DCCT diagram, heating at 1553 K Fig. 17 Superimposed CCT and DCCT diagrams, 
heating at 1173 K 
 
Bainite transformation field in the DCCT (1553 K) diagram is much less pronounced than that in the 
CCT (1173 K) and DCCT (1173 K) diagrams. High heating temperature of 1553 K resulted in dissolution 
of MX carbonitrides in the as-cast microstructure and in the formation of coarse austenite grains. 
Subsequent deformation at 1173 K was accompanied by the deformation induced precipitation of fine 
MX particles [48] but the expected effect of the applied plastic deformation on refinement of the prior 
austenite grain size is small. Decomposition of austenite at moderate cooling rates resulted in the 
formation of a significant volume fraction of acicular ferrite. It has been reported that in the coarse 
austenite grains the intragranular acicular ferrite nucleates easier than bainite [33]. Bainitic ferrite laths 
nucleate at prior austenite grain boundaries. In the case of coarse prior austenite grains the area of grain 
boundaries per unit volume is small. It is expected that MX precipitates facilitate the heterogeneous 
nucleation of acicular ferrite in coarse austenite grains. That is why the formation of bainite in the coarse 
grained austenite is suppressed. On the other hand, martensite forms at high cooling rates and its 
formation is not preceded by the formation of acicular ferrite.  
Graph in Fig. 18 shows the superimposed DCCT transformation diagrams for both austenitization 
temperatures investigated. The kinetics of austenite→pearlite transformation is not significantly affected. 
Coarse prior austenite grains after heating at 1553 K result in a deep reduction of the Fs temperature at 
medium and high cooling rates. This is associated with the formation of acicular ferrite. The Fs 
temperature can be reduced by hundreds of Kelvins up to approx. 773 K.  
 
 
Fig. 18 Superimposed DCCT diagrams – effect of the heating temperature 1173 K or 1553 K 
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4. DISCUSSION  
The temperature-controlled rolling of seamless tubes is a rather specific technology which is 
characterized by long operation times affecting the precipitation processes and their interaction with the 
softening processes 49. 
Microalloying elements are regarded to have a strong effect on microstructure evolution in HSLA 
steels during their thermo-mechanical treatment [50]. Their effects depend strongly on the stability and 
solubility of MX (where M = Nb, V, Ti; X = C, N) precipitates as a function of temperature. The principal 
mechanisms are grain size refinement and precipitation hardening due to the MX formation. In the steel 
investigated a full dissolution of MX particles during heating at 1553 K is expected. Size and distribution 
of MX particles re-precipitated during subsequent heating and deformation at 1173 K should be more 
efficient than those existing in the as-cast structure. In the case of specimens heated or heated and 
deformed at the temperature of 1173 K, most niobium rich MX particles are expected to be inherited 
from the initial microstructure [51, 52]. At this temperature only vanadium rich MX particles are 
expected to be dissolved. MX particles slow down the austenite recrystallization, increase the 
recrystallization stop temperature and limit the grain growth of austenite. Furthermore, additions of the 
strong carbide forming elements can reduce the temperature of austenite decomposition to ferrite. 
In most cases, plastic deformation of austenite shifts the Fs temperature up and the C-curves for both 
diffusion-controlled transformations and bainite transformation are shifted to the left [20, 53]. However, 
Fig. 17 shows that the Fs temperature in the CCT and DCCT transformation diagrams for the investigated 
steel exhibit in the range of very slow cooling rates from 0.15 to 4 K·s-1 the opposite effect. This 
retardation of austenite→ferrite transformation at very slow cooling rates could have been caused by 
static recrystallization of deformed austenite, followed by a certain grain growth. This effect of plastic 
deformation on decomposition of austenite is not exceptional. Opiela et al. [54] studied the influence of 
austenite deformation on CCT diagrams for a steel containing 0.28 C – 1.41 Mn – 0.29 Si – 0.26 Cr – 
0.22 Mo – 0.027Nb – 0.028 Ti – 0.019 V – 0.003 B (in weight %). Boron, if dissolved in the solid 
solution, has a positive effect on hardenability of steels. The austenitization temperature can influence 
the formation of coarse high temperature boron compounds [55]. Segregation of boron at austenite grain 
boundaries delays nucleation of allotriomorphic ferrite and decreases the critical cooling rate. Three 
transformation diagrams reported in the paper [54] involve the CCT diagram and the DCCT diagram 
after austenitization at the temperature of 1158 K and after 50% plastic deformation at the same 
temperature, respectively. Finally, the DCCT diagram after heating at the high temperature of 1473 K 
followed by plastic deformation at the temperature of 1373 K is shown. In both DCCT diagrams, the 
value of true strain was equal to 0.69 and the strain rate was 1 s-1. Comparison of the individual diagrams 
shows that the effect of the high temperature austenitization is strong and results in the shift of the C-
curves for diffusion-controlled transformations towards right. On the other hand, the effect of plastic 
deformation at the temperature of 1158 K is relatively weak and the Fs curve in the DCCT diagram lies 
slightly under the Fs curve for the CCT diagram. This is in agreement with the results presented in Fig. 
17.  
In Figs. 14 and 15 the Ms temperature descends with decreasing the cooling rate. Generally, the Ms 
temperature falls with increasing the content of carbon in the solid solution [56]. Precipitation of carbides 
in austenite before its decomposition results in an increase of the Ms temperature. On the other hand, in 
the deformed austenite a slight lowering of the Ms temperature can be explained by a carbon enrichment 
of the austenite regions adjacent to the bainite transformation products [20]. The value of deformation 
seems to be important as well. He et al. [57] found out that the Ms temperature first increased at small 
strains and then decreased at large strains. Nürnberger et al. [5] noticed the prevailing increase of the Ms 
temperature with the larger compressive deformation in some low-alloy steels. Decrease of the Ms 
temperature with decreasing the cooling rate observed in Figs. 14 and 15 can be explained by increasing 
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the ferrite fraction in microstructure with decreasing the cooling rate. The presence of the Ms curve under 
the Bs curve is generally associated with the formation of the M/A component in granular bainite.  
The transformation diagrams obtained for the steel investigated were confronted with CCT/DCCT 
diagrams of similar steel grades available in the literature [6, 7]. Figure 19 shows the CCT diagram of 
the steel containing 0.13 C – 1.53 Mn – 0.25 Si – 0.01 V – 0.043 Nb (in weight %) based on a combination 
of dilatometer tests and HAZ tests performed on the Gleeble 3800 simulator [7]. Test specimens were 
heated to the temperature of 1573 K at the rate of 200 K·s -1, followed by the very short dwell of 0.1 s. 
The cooling rates varied in the range from 0.5 to 120 K·s -1. In the CCT diagram, the same phase 
transformations were detected as in Fig. 14. Nevertheless, a detailed comparison of CCT diagrams in 
Figs. 14 and 21 shows that the C-curves for diffusional transformations as well for bainite transformation 
are in Fig. 21 shifted to longer times. This might have been caused by several reasons: the differences in 
chemical composition [58-60], the heating temperature (1553 K vs. 1573 K), and the prior austenite grain 
size [7, 61-64]. However, the transformation temperatures themselves show good agreement. Possible 
uncertainty may exist in microstructure interpretation in the field of bainite transformation. Bainite can 
be easily confused with acicular ferrite, which is often referred to as the bainitic ferrite [64-68].  
 
 
Fig. 19 CCT diagram of a Nb-microalloyed steel constructed on the basis 
of combination of dilatometer and HAZ tests – according to [7] 
 
Results of extensive work related to the design and modeling of the CCT/DCCT diagrams of HSLA 
steels with varying contents of Nb and Mo were published by Isasti et al. [6]. The experiments were 
carried out on the deformation dilatometer Bähr DIL805D after annealing of specimens at the 
temperatures of 1473 – 1523 K, ensuring dissolution of niobium rich MX precipitates. Phases and 
microstructural components in test specimens were classified in accordance with the ISIJ Bainite 
Committee notification [69]: polygonal ferrite (PF), lamellar pearlite (P), degenerated pearlite (DP), 
quasi-polygonal (or massive) ferrite (QF), granular ferrite (GF), bainitic ferrite (BF) and martensite (M). 
Similar classification of austenite decomposition products in low carbon steels can be found in [70]. The 
M/A islands were interpreted as part of the QF and GF components. The chemical composition of the 
28NbHC steel grade was as follows: 0.11 C – 0.99 Mn – 0.23 Si – 0.028 Nb – 0.006 N (in weight %). It 
is very close to the steel investigated in this paper. The CCT diagram of the 28NbHC steel grade is shown 
in Fig. 20. 
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Fig. 20 CCT diagram of the 28NbHC steel grade; black points and curves [6] superimposed with the 
CCT diagram presented in Fig. 14 – blue curves 
 
The prior austenite grain size was evaluated as 44 µm. For a better comparability, the CCT diagram 
in Fig. 22 was superimposed by the CCT (1173 K) diagram presented in Fig. 14. Good matching of the 
Fs and Pf curves in both CCT diagrams is evident in the area of very slow cooling rates. The increase in 
the cooling rate results in a growing discrepancy between the Fs and Pf temperatures in both CCT 
diagrams. At high cooling rates the products of austenite decomposition are different. In the CCT diagram 
for the 28NbHC steel grade the BF region is observed but in the CCT diagram developed in this paper 
the bainite transformation is suppressed due to an intensive formation of ferrite. The shift of the ferrite 
region to shorter times could be explained by the finer prior austenite grain size (10 µm vs. 44 µm). The 
Ms temperatures in both CCT diagrams are approximately matching. It is generally accepted that if the 
formation of martensite is not preceded by precipitation of carbides in austenite or by the formation of 
ferrite, then the Ms temperature should not change with the cooling rate. The fraction of ferrite in the 
steel investigated in this paper increases with the decreasing the cooling rate (see Tab. 1) and is associated 
with a drop of the Ms temperature.  
 
5. CONCLUSIONS 
 Three continuous cooling transformation diagrams of the CCT or DCCT type were developed for the 
Cr, Nb, V and N-bearing HSLA steel intended for the seamless tubes production. Previous plastic 
deformation (with the true strain of 0.35) at the temperature of 1173 K influenced the austenite 
decomposition only slightly.  
 The effect of the austenitization temperature (1173 K vs. 1553 K) and the prior austenite grain size 
(approx. 10 µm vs. more than 200 µm) on the phase transformations was enormous. Decomposition 
of coarse-grained austenite at the medium and high cooling rates favored the formation of acicular 
ferrite at the expense of allotriomorphic ferrite. It was accompanied by the decrease of the Ferrite-
start temperature by hundreds of Kelvins. 
 The DCCT diagrams developed in this paper can be applied in a seamless tube rolling mill for the 
prediction of austenite decomposition products and hardness of the rolled products after their cooling 
from the finish rolling temperature. The CCT diagram can be used for optimization of the quality heat 
treatment of seamless tubes.     
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